Introduction
[2] The GPS radio occultation experiment on board the German CHAMP satellite [Reigber et al., 2000] for global atmosphere sounding was successfully started on February 11, 2001 . First results [Wickert et al., 2001b] indicate a significant progress in GPS based limb sounding from Low Earth Orbiting (LEO) satellites compared to the proof-of concept experiment GPS/MET (Global Positioning System/Meteorology) [Ware et al., 1996] on board the MICROLAB-1 satellite. GPS/MET has already indicated the great potential of this measurement technique for application in numerical weather forecast and detecting of climate trends due to its unique combination of complete global coverage, high vertical resolution, long-term stability and all-weather capability [e.g., Kuo et al., 2000; Kursinski et al., 1997] .
[3] The improved occultation antenna characteristics of CHAMP compared to GPS/MET in combination with the state-of-the-art GPS flight receiver ( provided by Jet Propulsion Laboratory, JPL) results in high SNR (signal to noise ratio) and allows data processing independent of anti-spoofing (AS) activation status of the GPS system.
[4] Here, we focus on a further significant difference between the CHAMP and the GPS/MET experiment. At about 04:00 UTC on May 2, 2000, the Selective Availability (SA) mode of the GPS system was terminated. SA was introduced by the U.S. American Department of Defense to degrade the performance of GPS. The degradation was accomplished through dithering of the GPS satellite clocks. The presence of SA was the main reason for using the double difference technique in analysing GPS/MET data [Schreiner et al., 1998 ]. The double difference method requires the implementation of a global fiducial network of GPS receivers. The objective of the study described in this paper is to show that in the absence of SA a space-based single difference technique yields atmospheric temperature profiles comparable to those obtained by double differencing.
Data Analysis
[5] The processing of CHAMP occultation data at GeoForschungsZentrum Potsdam (GFZ) is described by Wickert et al. [2001b] . The standard data analysis is based on the double difference method for deriving the atmospheric excess phase, the geometric optics approximation and the assumption of spherical symmetry for the derivation of the atmospheric refractivity, respectively. For details on the GPS radio occultation method see, e.g., Steiner et al. [1999 Steiner et al. [ , 2001 , Kursinski et al. [1997] , or Melbourne et al. [1994] . Input data are the CHAMP occultation measurements (L1 and L2 phases at 50 Hz sampling rate), the GPS ground network data (L1 and L2 phases at 1 Hz sampling rate) and the precise orbits of CHAMP and the GPS satellites from the GFZ precise orbit determination facility [König et al., 2002] with temporal resolution of 30 s and 5 min, respectively.
[6] The bending angle a of each occultation ray is derived from the time derivative of the atmospheric excess phase (Doppler frequency) of the occultation link after appropriate filtering. The atmospheric excess phase itself is nominally derived using a double difference technique, which we briefly recall below together with the space-based single differencing technique.
[7] The observed phase L in units of meters can be written as
Here, r denotes the true range between transmitter and receiver taking into account the signal travel time, c the velocity of light, dt and dT are the transmitter and receiver clock error, respectively, dI and dA are the phase delays due to ionosphere and neutral atmosphere along the ray path, respectively, and e is a residual error composed of, e.g., measurement noise and uncorrected multipath.
[8] The double difference, is formed from simultaneous CHAMP and ground station measurements of signals from both, the occulting and the referencing GPS satellite during an occultation [e.g., Melbourne et al., 1994] . The subscripts C, O, R, G denote CHAMP, occulting and referencing GPS satellite and the ground station, respectively. The corrections of relativistic and light time effects are taken into account [Hajj et al., 2002] . Equation (2) shows that in the double difference both the transmitter clock errors dt O and receiver clock errors dt R cancel. While the double difference method eliminates the satellite clock errors, other errors are introduced by the three auxiliary satellite links involved. These errors are uncalibrated atmospheric and ionospheric contributions and additional noise. Furthermore, for differencing with nonsynchronous receiving times of occultation and reference satellite, the ground receiver clock drifts and also multipath wave propagation at the ground station location have to be taken into account [Rocken et al., 2000; Melbourne et al., 1994] .
[9] On the other hand, the space-based single difference,
is the difference between phase measurements of CHAMP from the occulting GPS, L CO , and the referencing GPS, L CR , respectively. In this scheme, the GPS satellite clock errors remain and need to be corrected for. In order to correct the GPS clock errors we have used 5 min GPS clock solutions, provided by GFZ's orbit determination group [König et al., 2002] .
[10] An alternative implementation of space-based single differencing, proposed by Kirchengast et al. [1998] for a constellation of receivers with highly stable clocks, is to form the difference by employing a reference receiver (rather than transmitter) tracking the occulting GPS simultaneously with the occultation receiver.
Selective Availability and Radio Occultation Processing
[11] Selective Availability was part of the intentional degradation of the user's navigation solution [Graas and Braasch, 1996] . SA implied that GPS transmitter clocks varied by $10 À7 s (tens of meters in units of length) over timescales of 100 s, with rates on the order of 1 m/s. However for atmospheric profiling clock rates on the order of 1 mm/s are required to reach sub-Kelvin accuracies at heights of about 30 km [Wickert et al., 2001a] .
[12] Difference techniques using additional ground based data were already introduced in the early 1990s in order to correct for clock variations in satellite based GPS measurements [e.g., Wu et al., 1990] . For CHAMP a global network of 30 GPS ground stations (High Rate Low Latency GPS Network, Galas et al. [2001] ) was installed jointly by JPL and GFZ.
[13] Due to the termination of SA on May 2, 2000 the amplitude of the described variations in the transmitter clocks was reduced by orders of magnitude. This made the clocks more predictable [Zumberge and Gendt, 2001] and enabled the application of less-than-double differencing techniques for occultation data processing to become a potentially attractive alternative.
Using 5 min GPS Clock Solutions
[14] For this study we used the space-based single differencing technique to remove the CHAMP satellite clock errors and to correct the GPS clock variability without ground station data [Hajj et al., 2001] . GPS clock errors were corrected on the basis of 5 min clock solutions from GFZ's GPS orbit determination for CHAMP [König et al., 2002] , which are available via ISDC (Information Systems and Data Center) at GFZ Potsdam (http://isdc.gfz-potsdam.de/champ/). 5 min clock solutions are publicly available through the IGS (International GPS Service) as well [Neilan et al., 2000] .
[15] Clock drift can be described by a dominating linear trend. [16] A characteristic example of the drift behavior after a linear detrending is shown in Figure 1 . The nonlinear residuals for two GPS satellites are plotted (PRN 3 (Cs, black) and 20 (Rb, gray)). The Rb clock has a higher short term stability than the Cs clock and shows almost no deviation from linear behavior. The Cs clock is sufficiently stable to be described by a piecewise linear trend, but exhibits more instabilities. Variations on the order of hours with amplitudes on the m level are found. In addition, the noise of the 5 min Cs clock is higher compared to the noise of the Rb clock indicating the presence of instabilities in the range of minutes. This is evident from Figure 1 where the Cs residuals exhibit a stronger point-to-point variation.
[17] For GPS clock correction Rb and Cs clocks were interpolated with a sliding window linear regression covering a time window of 25 min. The occultation interval was placed in the center of this time window.
Results
[18] The results obtained by space-based single difference processing are compared with a reference data set generated by the standard double difference technique. 436 CHAMP occultations, measured during April 19 -21, 2001, were analysed. Thus, two sets of more than 400 atmospheric excess phases and dry temperature profiles are used for the comparison.
Comparison of Processing Results
5.1.1. Atmospheric excess phase.
[19] In Figure 2 the deviation between the individual atmospheric excess phases as a function of occultation time is plotted. For $90% of the occultations the almost linear trend of the deviations is between À2 and 2 mm/s. A trend of 2 mm/s in the atmospheric excess phase causes $1 K temperature deviation at about 30 km altitude [Wickert et al., 2001a] . While GPS clock errors not completely resolved by the 5 min clock solutions might contribute to these deviations we note that the excess phases, generated by the double difference method, are affected by errors related to the ground station to satellite links and contributed additional errors (see section 2).
5.1.2. Refractivity and dry temperature.
[20] Statistical comparisons of refractivity and dry temperature are plotted in Figures 3a and 3b respectively. The mean deviation in refractivity is <0.1% up to 30 km. The standard deviation is <0.2% up to heights of 20 km and reaches 0.4% at 30 km. A mean deviation of temperature is not discernible over the entire height interval. The standard deviation is <0.6 K at heights up to 20 km and $1.2 K at 30 km.
Validation with ECMWF Analyses
[21] Analyses profiles of dry temperature are derived from ECMWF (European Centre for Medium-Range Weather Forecasts) operational meteorological analyses. Figures 4a and 4b show that means and standard deviations of differences between dry temperature profiles from CHAMP and weather analyses are nearly identical when using the single or double differencing techniques. The differences are <0.05 K for the mean deviation and <0.15 K for the standard deviation up to 30 km.
[22] Biases could be either due to the analyses or the CHAMP retrievals. We attribute the warm bias above 20 km of the CHAMP retrievals (2 K at 30 km) to our statistical optimization approach based on the MSISE-90 atmospheric model [Hedin, 1991] . This was also observed by Wickert et al. [2001b] . In contrast to Wickert et al. [2001b] we applied the optimization approach of Sokolovskiy and Hunt [1996] . However, a detailed analysis of biases between the analyses and CHAMP retrievals requires a larger statistical sample and is beyound the scope of this study.
Summary and Conclusions
[23] We presented first results of GPS occultation data processing utilizing space-based single difference technique, i.e., clock correction without involving GPS ground station data. Two sets of 436 vertical profiles of dry temperature, generated by the double and single difference method were compared to each other and to meteorological analyses. Both data sets show an excellent agreement in the analysed height interval from the ground up to 30 km with a height dependent standard deviation of <1.2 K. Below 20 km the deviation is <0.6 K. The comparison of both data sets with ECMWF meteorological analyses shows nearly identical results up to 30 km, differences in mean and standard deviations of both comparisons with ECMWF are less than 0.15 K below 30 km and 0.1 K below 20 km, respectively.
[24] These results suggest that after termination of the GPS Selective Availability mode on May 2, 2000 occultation data processing using space-based single differencing provides temperature profiles exhibiting statistically identical deviations from meteorological analyses compared to profiles processed by classical double differencing. The 5 min GPS clock error correction is sufficient for precise occultation data processing. Further examination is needed to find the reasons for the statistical deviations between single and double difference profiles in the order of 0.5 K below 20 and 1.0 K below 30 km. These deviations are not insignificant for GPS radio occultation measurements with subkelvin accuracy potential below 40 km and 0.2 K at the tropopause [Kursinski et al., 1997] .
[25] Despite of this, first strong evidence now exists from real data that future clock correction processing may have no need for auxiliary ground station data. This would not only significantly simplify processing systems but also entirely avoid measurement error contributions from ground-to-satellite links. 
